The aim of this study was to investigate the potential cytotoxic effects of different concentrations (0.01, 0.025, 0.05, 0.1 and 1 µg/ml medium) of pure anatoxin-a on carp immune cells (in vitro study). Furthermore, changes in the cell immune functions isolated from 10 carp exposed by immersion to anatoxin-a (25 µg/l) for 5 days have been examined. Cytotoxicity of the toxin to leukocytes was determined by measuring intracellular adenosine triphosphate and glutathione concentrations. Lymphocyte proliferation was determined by measurement of bromodeoxyuridine incorporation during DNA synthesis. The phagocytes were assayed for intracellular production of reactive oxygen species. The in vitro results showed that pure toxin induced adverse effects on immune cells only after application of the higher concentrations (0.05, 0.1 and 1 µg/ml). Phagocytes exposed to anatoxin-a exhibited a significant (P < 0.05) reduction in glutathione concentration. The lymphocyte proliferation was decreased by the toxin, and B cells were more sensitive than T cells. The present study showed for the first time that anatoxin-a administered to fish by immersion, had suppressive effects on lymphocyte proliferation and the antioxidant potential of phagocytes.
juvenile carp, goldfish and zebrafish reported adverse effects of the toxin such as temporary alterations in heart rates, disorders of swimming and increased mortality (summarised by Osswald et al. 2007b ). In the environment, common carp (Cyprinus carpio L) can consume colonies and filaments of cyanobacteria as well as cyanotoxin contaminated food (e.g. phytoplankton, zooplankton) or they can directly absorb the dissolved toxin through gills or skin. Experimental studies by Osswald et al. (2007a) showed that juvenile carp may accumulate Antx-a. The authors found that the toxin can reach a value of 0.768 µg/g of dry weight in the whole fish. To our knowledge there is a lack of research on the effects of Antx-a on the fish immune system. Therefore, the aim of this research was to study the in vivo and in vitro effects of the toxin on selected functions of immune cells isolated from blood and pronephros of carp.
Materials and Methods

Experimental animals
Pure Antx-a was purchased from TOCRIS Bioscience, USA. A stock solution of 1 mg/ml in PBS (Biomed, Lublin, Poland) was prepared and kept at -20 °C. The experiments were carried out in accordance with the guidelines for the care of laboratory animals (Local Committee of Ethics, approval number 9/2009). Common carp weighing about 300-350 g (approximately 2 years old), were obtained from a commercial farm. Fish were maintained in recirculating water at a temperature of 18 °C on a 8/16 h light/dark cycle in 80 l tanks. The fish were acclimatised for 1 week prior to use in the experiments. Only healthy fish without signs of overt infection or disease were used in the studies.
In vivo exposure
Fish were divided into two groups (control and experimental) and transferred to tanks without continuous system of water filtration. Each group consisted of five individuals. Experimental fish were exposed by immersion to pure Antx-a at the concentration of 25 μg/l for 5 days. Since Antx-a is not stable in water (50% reduction after several hours to days) (Osswald et al. 2007b) , water was changed and toxin was applied de novo daily. Following exposure, fish were euthanized with 0.2% Propiscin (active substance etomidate, Żabieniec, Poland) diluted in water. The blood and pronephros were taken aseptically. Then the immune cells were isolated and the assays were carried out. The effects of in vivo exposure to the toxin on the immune indicators were compared to the response of the cells isolated from the control fish.
In vitro experiment
The in vitro study was performed on the cells obtained from 10 common carp. Animals were euthanized with 0.2% Propiscin and immune cells were isolated from blood and pronephros. Afterwards, the toxin was added to the cell suspension. Final concentrations of the Antx-a (0.01, 0.025, 0.05, 0.1 and 1 μg/ml) were obtained by diluting the stock solution with PBS.
Cell isolation
Cell suspension from head kidney was obtained by passing the tissue through a nylon mesh (100 μm, Sigma, Aldrich, USA) with PBS without Ca 2+ and Mg 2+ (Biomed, Lublin, Poland) supplemented with 0.2% heparin (Polfa, Warsaw, Poland). Blood samples were taken immediately by caudal vein puncture; then blood was diluted 1:1 with PBS without Ca 2+ and Mg
2+
. Blood and pronephros cell suspensions were layered on Gradisol (AquaMedica, Poland) density gradient (1.115 g/ml for the separation of phagocytes; mainly monocytes, neutrophiles from blood and macrophages from pronephros and 1.06 g/ml for the separation of lymphocytes). Following 30 min centrifugation at 450 × g, the cell fractions were collected and washed three times with PBS without Ca 2+ and Mg
. Cell suspensions showed 95% purity and over 98% of the leukocytes were viable, as determined by trypan blue exclusions. The cells were cultured in RPMI-1640 (Lonza, Belgium) supplemented with 10% of foetal bovine serum (FCS, Gibco, UK), 100 U/ml of penicillin and 100 mg/ml of streptomycin.
The ATP assay
The ATP assay (CellTiter-Glo® Luminescent Cell Viability Assay) determines concentration of cellular ATP as an indirect measure of cell viability. According to the manufacturer's protocol (Promega, USA), 100 μl of the cell suspension (1 × 10 6 cell/ml) were placed on 96-well plates. In the in vivo study the cells obtained from the control and experimental fish after Antx-a intoxication were incubated overnight at room temperature. In the in vitro examinations various Antx-a concentrations (0.01, 0.025, 0.05, 0.1 and 1 μg/ml) were added to the cell suspensions and incubated overnight at room temperature. The reduction of cell viability was expressed as percentage reduction of luminescence emitted in the presence of the test compound in comparison with the toxin-free control group.
Reactive oxygen species (ROS) production assay
Phagocytic leukocytes when stimulated with phorbol 12-myristate 13-acetate (PMA) display a respiratory burst and produce superoxide anions, one of the ROS. Production of intracellular superoxide anions was determined by the nitroblue tetrazolium (NBT) reduction assay. The phagocytic cells were preincubated for 24 h with different concentrations of Antx-a from 0.01 to 1 μg/ml at room temperature. Then the toxin was removed and cells were incubated with 0.1% NBT (POCh, Poland) solution containing 1 μg/ml of PMA (Sigma, Aldrich). Following 1 h incubation the reaction was stopped with absolute methanol. The reduced NBT (in the form of formazan) was dissolved with 120 μl of 2M potassium hydroxide (KOH, POCh, Poland) and 100 μl of dimethyl sulphoxide (DMSO, POCh, Poland) per well and the colour was subsequently measured at 630 nm with a spectrophotometer (BioRad 550).
Glutathione assay
A luminescence-based GSH-Glo Assay (Promega, Madison, WI, USA) was used for quantification of glutathione in fish leukocytes according to the manufacturer's recommendation.
Lymphocyte proliferation
Lymphocytes (1 × 10 6 cells/ml) were suspended in RPMI-1640 medium and distributed into a 96-well microtitre plate. In the in vitro studies the cells were incubated with the used concentrations of Antx-a. A concanavalin A (ConA, 50 μg/ml; Sigma, Aldrich) as a T cell mitogen or lipopolysaccharide from Serratia marcescens (LPS, 10 mg/ml; Sigma, Aldrich) as a B cell mitogen was added to the cell suspension and incubated for 72 h at 20 °C. Proliferation of T and B lymphocytes was determined as a response to ConA and LPS, respectively. Cell proliferation assays were performed using the BrdU-incorporation assay (Cell Proliferation ELISA, Roche Applied Science, Switzerland) according to the kit protocol. Stimulation Index (SI) was determined by comparing mitogen stimulated cells to unstimulated (mitogen-free) cells.
Statistical analysis
Data were analysed statistically by one-way analysis of variance (ANOVA). When significant differences were detected, Duncan's test was used to compare the experimental groups to control. Statistical evaluation of the results was performed using the computer program Statistica 8.0 (StatSoft, Tulsa, USA). Significance was determined at P < 0.05.
Results
Cytotoxicity induced by exposure to Antx-a
Using the bioluminescent assay determining the amount of ATP, we measured the potential cytotoxicity of the toxin. Immune cells isolated from blood and pronephros exposed both in vitro (Fig. 1 ) and in vivo (data not illustrated) to the toxin did not show significantly decreased ATP levels. When the cells were exposed to Antx-a at the concentration of 1 μg/ml, the level of ATP in the cells was decreased at approximately 10% which suggests that the toxin slightly affected cell viability. Fig. 1 . In vitro effects of Antx-a on pronephros and blood phagocyte and lymphocyte viability. Viability of the cells was determined by the amount of ATP in the viable cells and calculated as reduction of exposed cells relative to unexposed cells (a negative control). Values exhibit mean ± SD, n = 10, *differences significant at P < 0.05
Reduction of cell viability
Effect of toxin on reactive oxygen species production
In vitro exposure of pronephros phagocytes to Antx-a at 0.01and 0.025 μg/ml for 24 h caused significant (P > 0.05) increase in production of reactive oxygen species (Fig. 2) . However, the toxin at the concentration of 1 μg/ml caused a decrease of the respiratory burst activity of the exposed cells compared to the control group. Similary, after incubation with the toxin at 0.05 mg/ml, increased ROS production in blood phagocytes was seen. In contrast to the results obtained on pronephros cells, no significant changes in the PMAstimulated blood phagocytes were apparent at the other used concentrations. Moreover, fish exposed in vivo to the toxin showed significantly higher respiratory burst activity in pronephros leukocytes compared to control fish (Fig. 3) . However, in leukocytes isolated from blood no effects of the toxin on ROS production were noted. Fig. 2 . The in vitro influence of Antx-a on respiratory burst activity of carp pronephros and blood phagocytes (mean ± SD, n = 10),*differences significant at P < 0.05 Fig. 3 . Respiratory burst activity (RBA) in pronephros and blood carp cells exposed to pure Antx-a (25 μg/l). Result are expressed as the mean of quadruplicate readings from 5 fish (mean ± SD, n = 5). *Data represent a significant difference between the exposed and the control group (P < 0.05)
Effect of toxin on GSH level
As shown in Fig. 4 , Antx-a decreased significantly (P < 0.05) the total cellular glutathione level in fish phagocytes at the higher used concentrations (0.05, 0.1 and 1 μg/ml). Moreover, in vivo studies showed reduction of this indicator in the cells isolated from pronephros and blood (decrease of 38.5% and 55.5% compared to the control, respectively) (Fig. 5) .
Effect of toxin on lymphocyte proliferation
The reactivity of lymphocytes, stimulated by mitogens (ConA or LPS) was analysed by measurement of BrdU incorporation during DNA synthesis in proliferating cells. After administration of the toxin at the highest used concentration (1 μg/ml), suppression of T and B lymphocyte proliferation was seen (Fig. 6) . Similarly, blood lymphocytes showed significantly decreased proliferation after the toxin application at the concentration of 1 μg/ml. The DNA synthesis in proliferating B cells isolated from blood and pronephros 179 Fig. 4 . In vitro effects of Antx-a on a total cellular glutathione (GSH) level in carp pronephros and blood phagocytes (mean ± SD, n = 10),*differences significant at P < 0.05 Fig. 5 . Contents of total cellular glutathione (GSH) in the cells isolated from carp blood and pronephros after 5 days exposure to pure Antx-a (25 μg/l). Results are expressed as the mean of quadruplicate readings from 5 fish (mean ± SD, n = 5). *Data represent significant differences between the exposed and the control group (P < 0.05) was significantly decreased by the toxin at the concentration of 0.1 μg/ml compared to the control group. Moreover, after 5 days of intoxication with Antx-a, lymphocyte proliferation occurred to be significantly (P < 0.05) reduced (Fig. 7) . Fig. 6 . In vitro effects of Antx-a on proliferation of T and B lymphocytes isolated from carp blood and pronephros, expressed as a Stimulation Index, after 72 h exposure to various concentrations of Antx-a. Data are shown as mean ± SD, n = 10, *differences significant at P < 0.05 Fig. 7 . Proliferation of T and B lymphocytes isolated from carp blood and pronephros from fish exposed to pure Antx-a (25 μg/l) for 5 days, assessed by DNA fragmentation. Result are expressed as a Stimulation Index of quadruplicate readings from 5 fish (mean ± SD, n = 5), *data represent a significant difference between the exposed and the control group (P < 0.05)
Discussion
In our study we found no close relationship between ATP levels and functions of the cells after exposure to higher Antx-a concentrations. The results showed that lymphocyte viability was not affected at 0.1 μg/ml of Antx-a (Fig.1) ; however, a significant decrease of B cell proliferation was observed (Fig. 6) .
Interestingly, Antx-a at low concentrations may lead to an increase of the respiratory burst activity in the pronephros leukocytes but higher concentrations inhibit this process (Fig. 2) . Apparently, stimulatory responses to low concentrations of the toxin under shortterm exposure may be a primary protective response of cells against stress; however, higher concentrations are immunotoxic. This observation is in agreement with the conclusion reviewed by Tort (2011) . When the stressor is acute and short-term, the response pattern is stimulatory. In contrast, chronic stress may result in suppression of fish immune function.
Glutathione system plays an important role in the antioxidant defense in animal cells. Exposure to Antx-a caused a significant (P < 0.05) reduction in GSH level in immune cells (Figs 4 and 5) . These results suggest that the toxin reduced the antioxidant potential of the cells, thereby increasing cell susceptibility to oxidative damage.
Dysregulation of cellular antioxidant defense systems may be a potential mechanism by which Antx-a affects immune responses. It is well known that reactive oxygen species and oxidative stress are involved in pesticide immunotoxicity (Harford et al. 2005) . Similary, the changes observed after stress induced by cyanotoxin increasing the intracellular production of H 2 O 2 and other ROS, leading to alterations in cell signaling pathways involved in cell growth and cell death. This agrees with our recent studies showing that Antx-a affects generation of superoxide radicals and nitrate formation and induces apoptosis in fish immune cells Sierosławska 2010, 2011) . Moreover, it has been reported that the toxin can cause apoptosis in rat thymocytes and monkey kidney cells, mediated by generation of reactive oxygen species and caspase activation (Rao et al. 2002) . On the other hand, Teneva et al. (2005) demonstrated that cytotoxic effects of Antx-a on mouse T and B lymphocytes were not induced by apoptosis.
Direct exposure of fish to the toxin even at low concentrations can cause a stress response. We can assume that the immersion of fish in cyanotoxin caused not only significant (P < 0.05) changes in lymphocyte proliferation (Fig. 7) but perhaps other essential immune cell functions, e.g. cytokine production, thus influencing the immune responses.
The above data allowed us to conclude that Antx-a affects the fish immune cell functions. However, this research needs to be expanded for more details on the mechanisms of immunotoxic activity.
